Deposition and Etching of SiF2 on Si Surface: MD Study  by Chen, X. et al.
 Physics Procedia  32 ( 2012 )  885 – 890 
1875-3892 © 2012 Published by Elsevier B.V. Selection and/or peer review under responsibility of Chinese Vacuum Society (CVS).
doi: 10.1016/j.phpro.2012.03.652 
1 Address: Gou Fujun; Key Laboratory of Radiation Physics and Technology (Sichuan University), Ministry of Education, Chengdu 
610064, China Email: g.fujun@hotmail.com 
18th International Vacuum Congress (IVC-18), 2010
Deposition and etching of SiF2 on Si surface: MD study 
X. Chena, X. Lub, P. Heb, c, C. Zhaob, c, W. Suna, P. Zhangb, F. Goua,da 
aKey Lab of Radiation Physics & Technology Ministry of Education, Chengdu 610064, China 
bInstitute of Plasma Surface Interactions, Guizhou University, Guiyang 550025, China 
cCollege of science, Guizhou University, Guiyang 550025, China 
dFOM Institute for Plasma Physics, 3439 MN Nieuwegein, the Netherlands 
Abstract 
Molecular dynamics simulations were performed to investigate SiF2 continuously bombarding 
the amorphous silicon surface with energies of 10, 50 and 100 eV at normal incidence at 300 K. With 
increasing incident energy, the deposition rate and etch rate increases. In the deposited amorphous films, 
SiF species is dominant. With increasing incident energy, the fraction of SiF2 decreases, while the 
fraction of SiF3 in the film increases. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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Introduction
Fluorocarbon plasma is widely used for improving etch profile and enhancing etch 
selectivity to the mask and Si underlayer in semiconductor industry. During etching, 
fluorosilane etch products are yielded. Some fluorosilane products (SiFx x=1-4) may be 
dissociated and ionized in the plasma. These resulting fluorosilane may return to the surface and 
interact with silicon surface. The re-deposition of fluorosilane may significantly influence 
surface chemistry during etching. On the other hand, the amorphous fluorosilane films 
fabricated by plasma-enhanced chemical vapor deposition (PECVD) are valuable for functional 
materials used in electronic devices such as solar cells [1], opt-electronic devices [2] and thin 
film transistors [3]. Over last decades much work has been performed to investigate these 
processes [4-7]. However, etching and deposition mechanisms are still poorly understood. This 
is due to lack of complete knowledge of plasma-surface interactions. Many surface and plasma 
diagnostic techniques have been employed to characterize plasma-surface interactions [8-11]; 
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however, it is experimentally challenging to observe microscopic surface physical and chemical 
processes occurring at surfaces. 
Atomic-scale simulation methods with a many-body potential are a powerful tool for 
understanding the microscopic dynamics processes occurring on surfaces at the atomic scale. In 
this study, molecular dynamics (MD) simulations of molecular SiF2 bombarding the silicon 
surface were performed. The effects of the incident energy and surface temperature on 
deposition and etching are discussed. The incident energies of 10, 50 and 100 eV are simulated. 
The incident angle is normal to the surface. The initial surface temperatures are 100, 300 and 
600 K. Our desire is to investigate the qualitative and quantitative prediction of etching and 
deposition and get insight into etching mechanisms. 
Computational details 
The Si(100) substrate consisted of 512 Si atoms. The lateral area was about 500 Å2 and 
the depth of the cell was about 20 Å. Two bottom layers were held rigid and periodic boundary 
conditions were applied parallel to the surface plane to mimic an infinite crystal with the Si (100) 
surface exposed. Followed [12], amorphous silicon surface by continuously 20 eV Ar 
bombarding for 64 impacts was created. The Berendsen heat bath was employed for the 
temperature control [13]. The resulting amorphous sample was relaxed for 20 ps at set 
temperatures. 
The force acting on the atoms is derived from the potential energy surface (PES). Given the 
force and the assumption that the atoms behave as classical particles, Newton’s equations of 
motion may be integrated numerically to compute the atom’s trajectory. Further details of MD 
simulation techniques can be found in Allen. In this study, classical MD was used to describe 
interactions of SiF2 with silicon surfaces. To model the interatomic interaction in F-Si system, 
the reactive empirical bond order (REBO) potential was used [12]. The potential incorporates 
much of physics and chemistry involved in covalent bonding and allows for bond breaking and 
new bond formation over the course of a simulation. Many studies where the simulation results 
using REBO potentials were compared with the experimental results show that they provide 
good descriptions of a wide range of mechanical, chemical and structural properties materials 
[12,14]. In our study, the REBO potential to describe F-Si system was utilized. 
A new SiF2 molecule was placed at a random location above the surface. The initial 
horizontal (x, y) position of the molecules was set randomly within the simulation cell. The 
initial orientation of SiF2 molecules was chosen randomly. The initial vibrational and rotational 
energy of the SiF2 molecule was set to the ground state. After the substrate was dynamically 
equilibrated, SiF2 molecules stroke the substrate. The incident energies were 10 eV, 50eV and 
100 eV, respectively. The incident angle with respect to the surface was normal to surface. The 
velocity-Verlet method was used for integration of the equations of motion [15]. In current 
simulations, the time step used was 0.5 fs throughout the simulations. It was verified that the 
integration scheme over the simulation conserved the total energy fluctuations of 0.01eV or less. 
After each impact of an energetic SiF2, the surface temperature increased rapidly due to the 
energy deposition near surface region. Berendsen’s temperature control with the coupling 
constant of 0.01 fs was used to remove the deposited energy outside of the system. Each 
trajectory was traced for 0.5 ps, during which time the surface temperature was gradually cooled 
down to set temperature.  
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The incident molecule quantities are defined as fluence, measured in units of monolayers 
(ML), corresponding to 32 Si atoms in this case. 
Results and discussion 
After colliding with the surface, SiF2 is either scattered away from the surface or 
deposited on the surface, depending on the incident energy and the surface structure. In order to 
characterize deposition of F atoms on the surface, the deposition rates of Si atoms, defined as 
the number of Si atoms deposited on the surface per incident SiF2, from SiF2 molecules as a 
function of fluence of the incident molecule is shown in figures 1(a) at 300 K. During the initial 
stages of fluence increasing, ranging in 0 - 0.5 ML for 10 eV, 0 - 1 ML for 50 eV and 0 - 1.5 
ML for 100 eV, the deposition rate of Si atoms is unity for all incident energies, indicating all Si 
atoms from the incident SiF2 molecules are deposited on the surface. Then, the deposition rate 
sharply and continuously decreases. At the latter stages of the deposition process, it appears that 
the deposition rate tends to converge to a constant value, approaching to a steady-state 
deposition. The converging value is dependent on the incident energy. With increasing incident 
energy, the steady-state deposition rate increases. At 21 ML fluence, the deposition rate ranges 
from 0.27 – 0.53 with increasing the incident energy from 10 - 100 eV. Analogously, the 
deposition rate of F atoms deposited on the surface as a function of fluence of the incident 
molecule is shown in figure 1(b) at 300 K. During the initial stages of increasing fluence, for 10 
and 100 eV the sticking coefficient is equal to 1, indicating that all F atoms from SiF2 molecules 
are deposited on the surface; whereas for 50 eV the deposition rate is less than 1, meaning that 
some F atoms from SiF2 are scattered away from the surface during deposition or some F atoms 
previously deposited are sputtered by subsequent bombardments. Then, the deposition rate 
decreases continuously, approaching to a steady deposition state at the later stage of deposition. 
The steady-state deposition rate is sensitive to the incident energy with increasing incident 
energy from 10 eV to 50 eV. The deposition rate of F atoms increases from 0.34 to 0.53 at 21 
ML. In contrast, the steady-state deposition rate is not sensitive to the incident energy as 
incident energy is raised from 50 eV to 100 eV, resulting from etching of Si atoms. 
 (a) (b)
Figure 1: (a) Deposition rate of Si atoms as a function of fluence of the incident molecules for 
10, 50 and 100 eV at 300 K. Here, the deposition rate of Si atoms is defined as the number of Si 
atoms from incident SiF2 sticking to the surface per incident SiF2. (b) Deposition rate of F from 
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SiF2 as a function fluence of the incident molecules for 10, 50 and 100 eV at 300 K. The 
deposition rate of F atoms is defined analogously. 
In order to quantitatively understand etching of Si from the initial substrate, the etching 
yield, defined as the number of Si atoms removed from the initial substrate, as a function of 
fluence of the incident molecule is plotted in figure 2 for 50 and 100 eV at 300 K. Because no 
etching occurs for 10 eV in the course of the simulation, the etching yield for 10 eV is not 
shown in the figure. From figure 2, a threshold fluence of 2 ML is observed for both incident 
energies. We observe that the etching yield is strongly dependent on the incident energy. With 
increasing incident energy, the steady-state Si etching is enhanced dramatically. For 50 eV, 
during the initial etching period, ranging from 2 – 8 ML fluences, the etching yield sharply 
increases. From 8 –14 ML fluences, the etching yield remains almost constant. After 14 ML, the 
etching yield gradually increases. At 21 ML fluence, 20 Si atoms are removed from the 
substrate, corresponding to 0.63 Si monolayer. For 100 eV with increasing fluence from 2 to 12 
ML, the etching yield starts to increases dramatically. Then, the etching yield gradually 
increases when fluence is changed from 12 to 17 ML. After 17 ML, the etching yield almost 
remains constant. At 21 ML, 67 Si atoms are removed from the initial substrate, corresponding 
to 2.1 Si monolayers. 
Figure 2: Etch yield of Si atoms from the initial substrate as a function of fluence of the incident 
molecule for 50 and 100 eV at 300 K. The etch yield of Si atoms is defined as the number of Si 
atoms removed from the initial substrate. 
The surface compositions are shown in figure 3(a). The surface composition of the films 
was computed by counting the number of silicon mono-, di- and tri-fluorine at the amorphous 
film surface. The SiFx (x=1-3) concentration are expressed as percentage of the total number of 
surface SiFx and plotted as histograms for 10, 50 and 100 eV at 300 K. The concentration of SiF 
in the film layer is not very sensitive to the incident energy for above 50 eV energies. SiF and 
SiF3 concentrations are dependent on the incident energy. With increasing incident energy, the 
concentration of SiF2 decreases, whereas SiF and SiF3 concentrations increase. At 10 eV, SiF 
and SiF2 concentrations are almost similar. SiF3 concentration is a bit less than that of SiF and 
SiF2. At higher energies more than 10 eV, more incident SiF3 molecules dissociate and SiF 
becomes dominant in the film layer. Figure 3(b) shows the number of SiFx species in the 
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reaction layer as a function of fluence for 100 eV at 300 K. From the figure, we note that SiF is 
dominant over the course of the simulation, followed by SiF2. The fraction of SiF is the smallest. 
With the simulation processes, the number of SiF2 almost remains constant. During the initial 
stages, the numbers of SiF and SiF2 sharply increases. After 10 ML fluence, the numbers of SiF 
and SiF2 continuously increases with fluence. The increasing rates of SiF and SiF2, defined as 
the slope of the curves, reach steady state. The increasing rates of SiF and SiF2 are almost same. 
 (a) (b)
Figure 3: (a) Relative fraction of SiFx (x=1-3) in the film layer at steady stage at 20 ML fluence 
for 10 eV, 50 eV and 100 eV at 300 K. (b) Number of SiFx (x=1-3) species in the reaction layer 
as a function of fluence for 100 eV at 300 K. 
Conclusion
Molecular dynamics simulations were performed to simulate SiF2 interacting with incident 
energies of 10, 50 and 100 eV. With increasing incident energy, the deposition of Si atoms from 
incident SiF2 increases and the etching yield increases.  In the form interfacial layer, SiF species 
is dominant. With increasing incident energy, SiF3 species increases. 
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